We have studied the genetic relationships of echoviruses using nucleotide sequencing and hybridization analysis. The nucleotide sequence of the echovirus 11 (EVll) P2 and P3 regions, which encode the nonstructural proteins, was shown to resemble closely those of coxsackie B viruses (CBV) and coxsackievirus A9 (CAV9). EV11, CBV and CAV9 have a similar organization in the 3' non-coding region when compared to polioviruses and CAV21. In contrast, the 3' end of EV22 shares only minimal sequence homology with other sequenced enteroviruses, and the 3' non-coding region has a unique secondary structure. Thirty-three echovirus reference strains were tested by nucleic acid hybridization using cDNA probes from the genomes of EV6, 11, 18 and 22. It was shown that a great majority of the strains belongs to the same subgroup as serotypes 6, 11 and 18, whereas EV22 and EV23 are genetically not closely related to this major subgroup.
Introduction
The echoviruses, which consist of 31 serologically distinct members, are the largest subgroup of the enteroviruses. At their discovery, echoviruses were identified by their ability to replicate only in cell cultures, in contrast to coxsackieviruses which are also pathogens. They were also shown to be serologically distinct from polioviruses. They were called 'Enteric Cytopathic Human Orphan' viruses as a result of the properties mentioned above and because it was uncertain whether they were responsible for human disease. It is now known that echoviruses cause a large variety of human diseases, varying from subclinical infections and common cold-like illnesses to fatal encephalitis (Grist et al., 1978; Moore, 1982) .
Despite their great clinical importance, knowledge of the molecular biology of echoviruses is very limited. There is preliminary evidence, based on nucleic acid hybridization and partial sequence analysis, that at least some members of this subgroup are closely related to coxsackie B viruses (CBV) (Young, 1973; Hyypi~i et al., 1984 Hyypi~i et al., , 1987 Werner et al., 1986; Auvinen et al., 1989) . The aim of our study was to characterize further the genetic relationships between the echoviruses by means of nucleotide sequencing and hybridization analysis. Echoviruses 6, 11 and 18 (EV6, EVIl and EV18) were selected as representatives of the major group, and EV22 for its unique behaviour in a previous hybridization analysis (Hyypi~i et al., 1987) . Our results indicate new aspects of the genetic relationships between echoviruses.
Methods

Purification of viruses. EV6 was a clinical isolate which was typed by
using WHO standard serum pools (WHO Enterovirus Reference Laboratory, Copenhagen). EVIl (strain Gregory), EV18 (strain Metcalf) and EV22 (strain Harris) used in the molecular cloning, and the strains used as targets in the hybridization experiments, were from the American Type Culture Collection. EVll and 22 were plaquepurified three times in rhesus monkey kidney cells (LLC-Mk 2 ; ATCC) and rhabdomyosarcoma cells (RD; ATCC) were used for EV18. Virus inoculum was neutralized before and after plaque purification using strain-specific antisera (ATCC). Cell monolayers in Roux or roller bottles were inoculated at a high multiplicity of infection and virus was labelled with [3H]uridine for detection. When the c.p.e, was complete, the cells were detached and pelleted (1000g, 10 min, 4°C). Cells, suspended in Dulbecco's phosphate-buffered saline (PBS) solution (20 x 106 cells/ml), were treated by freezing and thawing three times. Cell debris was pelleted as above and the supernatant containing the virus was collected. SDS was added to a final concentration of 1% and the solution was layered onto 30%/60% (w/v) sucrose step gradients in 0.15 i-NaC1, 0.5% bovine serum albumin (BSA) and 0-01 M-HEPES pH 7.4. After centrifugation at 24000 r.p.m, for 4 h at 20 °C in a Beckman SW28 rotor, the pellet was suspended in a solution containing 32.5% (w/v) CsCl, 0.1 M-MgC12 and 0-01 M-HEPES pH7.4 and centrifuged in an SW50.1 rotor for 18 h at 40000 r.p.m, at 4 °C. When visible virus bands were observed, they were collected through the wall of the centrifuge tube; other gradients were fractionated into 200 ktl aliquots. Specimens were tested either for radioactivity or for the presence of infectious virus. Virus was pelleted from the peak fractions (35 000 r.p.m., 60 min, 4 °C in a 50.2 Ti rotor), suspended in Dulbecco's PBS and stored at -70 °C until used. neutralized using specific sera (ATCC or WHO) against each serotype. The EV22 standard strain was also neutralized by a guinea-pig antiserum, which was a kind gift from Dr Anneka Ehrnst (Central Microbiological Laboratory, Stockholm, Sweden). The wild strains were isolates from the laboratories in Turku, Helsinki (National Public Health Laboratory) and Stockholm.
Virus titration and neutralization.
cDNA cloning. RNA was prepared from purified viruses by proteinase K (100 ~tg/ml; Merck) and SDS (0.5 ~) treatment, followed by phenol and chloroform extraction (Auvinen et al., 1989) . cDNA synthesis of EV6, 11, 18 and 22 was carried out with the RNase H method (Gubler & Hoffman, 1983; Amersham International) . For the reaction, 2 to 5 ~tg of template RNA was used. Half of the ds cDNA product was dC-tailed using terminal deoxynucleotidyl transferase (International Biotechnologies), annealed with PstI-cleaved dG-tailed pBR322 (BRL) or pUC9 (Pharmacia) and transformed into the HBI01 or JM101 strains of Escherichia coli. Transformation was carried out either by the CaC12 or the Hanahan (1983) method. Clones for further analysis were selected by colony hybridization (Grunstein & Hogness, 1975) using random-primed virus cDNA and 5' end-labelled oligo(dT) probes, which were utilized to localize the clones with the 3" end poly(A) tail. The localization of the cDNA clones in the genome is shown in Fig. 1 .
Sequence analysis. Subcloning into M13mp vectors and dideoxynucleotide sequencing were used to generate the majority of the sequence. Some parts of the sequence were obtained directly from the plasmids using oligonucleotide primers (Zagursky et al., 1985) . Sequencing was performed using the T7 DNA polymerase system (Tabor & Richardson, 1987; Sequenase, United States Biochemical Corporation) . Each nucleotide was sequenced at least twice. For sequence analysis and RNA secondary structure predictions, programs from the UWGCG software (Devereux et al., 1984) were used in a VAX-8800 computer. For multiple sequence alignments, a recently developed program was also used (Vihinen, 1988) .
Preparation of nucleic acids. For hybridization experiments, cells were infected with high multiplicity inoculations of virus serotypes. When c.p.e, was seen in at least 50~ of the cells, they were mechanically detached and pelleted. Culture medium was removed, and the cells were stored at -70 °C until tested. Proteinase K and SDS were added to concentrations of 100 ~tg/ml and 0.5~, respectively, in a final volume of 100 rtl for 106 cells. After incubation for 60 min at 37 °C, the mixture was extracted with phenol and chloroform. The samples were then denatured in 50~ formamide, 6~ formaldehyde for 60 min at 50 °C. Nucleic acid extracts were spotted to GeneScreen Plus (New England Nuclear) membranes using a manifold apparatus (Schleicher & Schuell), air-dried and baked at 80 °C for 2 h prior to hybridization (Auvinen et al., 1989) .
Hybridization assays. The cDNA probes were labelled with [~-32P]dCTP (Amersham), using either nick translation (BRL) or random priming (Boehringer Mannheim), to a specific activity of approximately l0 s c.p.m./gg. The filters were prehybridized for 2 h at 42 °C in 50~ formamide (Merck), 1 ~-NaCI, 5 x Denhardt's solution, 9~ dextran sulphate (Pharmacia), 100 gg/ml denatured herring sperm DNA, 1 ~ SDS and 50 mM-HEPES pH 7.3. The denatured probe was added and incubation was continued overnight at 42 °C. Filters were washed in 2 x SSC and 1 ~ SDS three times at room temperature, followed by three washes in 0-1 x SSC and 1 ~ SDS at 42 °C, dried and autoradiographed on X-ray films (Trimax XD; 3M) using intensifying screens (3M).
Results and Discussion
Nucleotide sequences of P2 and P3 regions of EV11
The nucleotide sequence of the P2 and P3 regions encoding the non-structural proteins of EV 11, and also a sequence corresponding to 43 amino acid residues of the carboxy terminus of VP 1, was determined. The sequence from the beginning of the 2A gene to the 3' end corresponds to nucleotides 3300 to 7395 of the CBV4 genome (Jenkins et al., 1987) . In general, the organization of this part of the genome resembles that of other enteroviruses. The region consists of 1331 codons, encoding seven proteins, and it is followed by a 3' noncoding region (3' nc) which is 101 bases long, excluding the poly(A) tail (Fig. 2) . The predicted proteolytic cleavage sites in EVll are F/G between the P1-P2 boundary, Q/N at the 2B/2C site and Q/G at the other protelytic cleavage sites (2A/2B, 2C/3A, 3A/3B, 3B/3C and 3C/3D). The composition of the genome is A 28-8 ~, C 23.1~, G 24-7~ and U 23.4~, and, typically for enteroviruses, A residues predominate. There are slightly more XXC+XXG (55-5~) codons than XXA+XXU which is also typical for other CBV-like enteroviruses [CBVs and coxsackievirus A9 (CAV9)].
When the EVIl sequence was compared with other sequenced enteroviruses, homology varied between 51 and 100~ at the amino acid level, and between 54 and 87~o at the nucleotide level (Table 1 ; Iizuka et al., 1987; Jenkins et al., 1987; Chang et al., 1989; Hughes et al., 1989; Kitamura et al., 1981) . Although the 2A protease (Toyoda et al., 1986) sequence has the lowest homology with the other viruses used in comparison both at nucleotide (57 to 78 ~) and amino acid (56 to 93 ~) level, the predicted active site PGDCGGXLXCXHG is conserved. H and D residues (Bazan & Fletterick, 1988) preceding the site are also preserved as in other enteroviruses. Both 2B and 2C are highly conserved among the CBV-like enteroviruses. Although the exact figure) and nucleotide (second figure) homology (%). function of 2C is still obscure, it has a predicted GTPbinding site (Dever et al., 1987) , and the first of the three suggested motifs at this site corresponds to the consensus sequence (GXXXXGK)of EV 11. The P3 region proteins are also highly similar when compared to CBVs and CAV9. The homology of 3A between CBV-like enteroviruses exceeds 90~ and 3B (VPg) is identical with that of CBVI and CBV4 (Iizuka et al., 1987; Jenkins et al., 1987) , and has only one differing amino acid when compared to CAV9 and EV9 (Chang et al., 1989; Werner et aL, 1986) . EV11 protease 3C contains two conserved GQCGGV and HVGGNG motifsat its C terminusthat have been proposed to be the active sites Bazan & Fletterick, 1988) . Also, the 10 amino acid sequence between these two domains is identical in EVIl, EV9, CBV1, CBV4 and CAV9. The overall homology of EVI 1 3C when compared to EV9 (Werner et al., 1986 ) is 93 ~. The 3B and 3C polypeptides of EV 11 are more closely related to those of CBVs and CAV9 than to EV9. The differences in the percentages are minimal, and one can consider EV11 and EV9 as belonging to the same group. Polymerase 3D is highly conserved, with all the compared serotypes having homology varying between 74 and 97~ at the amino acid level. In the middle of the polypeptide (amino acids 238 to 240) there is a common DAS sequence followed by GMPSGXXTSXFNSM Argos et al., 1984; Poch et al., 1989) . The proposed functional domain YGDD, as well as the conserved motif FLKRXF, are also present in EVIl 3D polymerase (Kamer & Argos, I984; Argos et al., 1984; Poch et aL, 1989) .
Nucleotide sequence of EV22 3' end
The 300 nucleotides of the EV22 (Harris strain) 3' end contain a single predicted open reading frame which is Fig. 3 . Nucleotide and predicted amino acid sequence of the 3' region preceding the poly(A) tail of the EV22 genome.
followed by a 90 base 3' nc region and a poly(A) tail (Fig.  3) . The other reading frames include multiple stop codons (data not shown). The nucleotide sequence homology of this part of the genome with sequenced enteroviruses was approximately 40~, which is more than would be expected between random sequences (Iizuka et al., 1987; Jenkins et al., 1987; Chang et al., 1989; Hughes et al., 1989; Kitamura et al., 1981) . When a nucleotide sequence data library (GenBank, release 60) was used to find similar sequences, hepatitis A virus (HAV; Najarian et al., 1985) had the highest homology, which was 43~. The nucleotide composition in this 300 nucleotide sequence (A 29.2~, C 16.2~, G 21.9~, U 32-7 ~) is different from the major enterovirus subgroups as it exhibits a higher percentage of A and U residues. Similar A/U-rich genomes are found in HAV (A 33.7~, U 32.7~o; Najarian et al., 1985) and in rhinoviruses (e.g. human rhinovirus 1-B; A 34.1 ~, U 29-0 ~; Hughes et al., 1988) . When the putative amino acid sequence was compared with the 3D polymerase of HAV, CBV1, CBV4, EVIl, CAV9, CAV21 and poliovirus type 1 (PV1), the similarity varied between 42.8~ and 47.0~, but the identity was only in the range from 14.7 to 24.2~.
The predicted secondary structure of the 3' nc region of the genome has a typical organization in different enterovirus subgroups. The 3' nc regions of EV11 ( Fig.  4a ; Auvinen et al., 1989) , CBV 1, 3 and 4 ( Fig. 4c ; Iizuka et al., 1987; Lindberg et al., 1987; Jenkins et al., 1987) and EV6 and CAV9 (Auvinen et al., 1989; Chang et al., 1989) have a similar configuration, which consists of three double-stranded hairpin stems. The only difference between the structures is that in EV6 and CAV9 the short stem close to the 3' end is single-stranded, whereas this stem is double-stranded in the five other serotypes in the group. The middle hairpin stem-loop is absent from polioviruses ( Fig. 4e ; Kitamura et al., 1981) due to an apparent deletion in this region which is not found in CBV-tike viruses (Stfilhandske et al., 1984) . Interestingly, although it is related to polioviruses (Hughes et al., 1989) , the RNA structure of CAV21 resembles the CBV/CAV9/EV structure, with the difference that the middle hairpin stem is shorter (Fig. 4d) completely different configuration which consists of a single hairpin (Fig. 4b) . In addition, the 300 base sequence of the EV22 3' end folds as a stable structure with long hairpin stems and few loops, different to the more complex organization of the same part of the EV 11 3' end. This may be an explanation for the partial resistance of EV22 RNA to ribonuclease digestion (Seal & Jamison, 1984) . Correspondingly, HAV also has a unique structure in the 3' nc (Najarian et al., 1985; data not shown). Although the biological function of these 3' end configurations is still unknown, it can be assumed that they play an important role since the subgroups classified on the basis of these structures have a close correlation with the present subgroup division. It has already been shown that a point mutation in the 3' nc can give rise to a temperature-sensitive virus phenotype (Sarnow et al., 1986) .
Hybridization analysis of echovirus serotypes
To extend the analysis of the echoviruses, the 31 standard strains and an additional two EV6 subtypes (EV6' and 6") were tested by nucleic acid hybridization using EV6, EV11, EV18 and EV22 cDNA probes. All the probes representing EV6, 11 and 18 reacted with a majority of the serotypes (Table 2, Fig. 5 ). The EV6 3' probe gave a strong signal with serotypes 3, 6, 6" and 8, and a weaker signal with 25 other serotypes. Interestingly, EV6' did not react as strongly as 6 and 6", in spite of their serological relatedness, p 11 E66, which represents the 5' end of EV11, gave a signal with all the enteroviruses tested except EV22 and 23. The 3' end probe of EV11 was strongly reactive with serotypes 7 and 11, whereas serotypes 1, 16, 22 and 23 were negative. The P2-P3 region probe pl 1El54 reacted strongly with EV2, 4, 6', 7, EV17, whereas the original passage of the EV23 reference strain was not detected by any of the eDNA probes used. However, when an advanced passage of this 11 and 15. Serotypes 4, 5, 15 and 18 were strongly positive, and EV1 and 16 were negative, with the p18E41 probe from the 3' end of EV 18. Both the EV22 probes gave an intense signal with EV22 and a faint one with reference strain was hybridized, a clear signal was observed with the EV22 probes. In order to test the genetic relationship of wild-type echoviruses with the standard strains, clinical isolates, including 12 strains of EV 11, 14 strains of EV22 and four strains of EV23, were propagated in cell cultures and studied using the eDNA probes. Ten of the EV11 isolates were positive with the 5' probe, one with the EV18 eDNA and one was not detected by any of the probes used. All the EV22 strains were positive with the combination of the two EV22 probes. Of the four EV23 isolates, two were also detected by the EV22 probes, whereas the two EV23 isolates that were negative in hybridization were positive in an enterovirus polymerase chain reaction (PCR) assay which did not detect the EV22 strains (Hyypi~i et al., 1989) or EV23 reference strain. The variations in the reactivity of the clinical isolates can be partly explained by different copy numbers of the viral RNA in cells. Although the c.p.e. was complete with all the wild strains, the intensity of the hybridization signals was lower when compared to reference strains.
These hybridization results have applications for the detection of echoviruses in samples taken from clinical patients. We have previously shown (Hyypi/i et al., 1989) that virtually all enterovirus strains can be identified by using the same combination of primers in the PCR. EV22, however, is an exception and does not give any reaction by this combination of reagents. However, when primers and probe based on the presented 3' sequence of EV22 are used, PCR amplification and detection can be achieved (Hyypi~i et al., 1989) . These approaches can also be applied for studies of pathogenesis and molecular epidemiology of the echoviruses.
Genetic relationships between echoviruses and other picornaviruses
The nucleotide sequence of the EVIl non-structural protein and 3' non-coding regions confirms our earlier observations of the close relationship between the major echovirus subgroup and CBVs (Hyypi~i et aL, 1984 (Hyypi~i et aL, , 1987 Auvinen et al., 1989) . In addition, the recently sequenced CAV9 (Chang et al., 1989) belongs to this large group of related viruses. The 43 carboxy-terminal amino acids of VP 1 are very diverse when compared to other sequenced enteroviruses, and the region does not include the carboxy-terminal insert with the RGD sequence which is present in CAV9 (Chang et al., 1989) . The predicted secondary structures of the 3' nc region of EV6 and 11 also show similarity to that of CBV.
EV22 was shown to be genetically distinct from the major subgroup. Although this virus appears to be a piconavirus in electron microscopy (Jamison, 1974; T. Hyypi~i et al., unpublished results) , and has a genome which is equal in length to that of other enteroviruses (Auvinen et al., 1989) , it has unique properties. The sizes of the capsid polypeptides are different from those of EVll, and the shutoff of host cell protein synthesis is inefficient (T. Hyypifi et al., unpublished results) . In terms of pathogenicity, EV22 tends to cause gastroenteritis (29~ of the isolation positive cases) and respiratory disease (26-5~o) more frequently than the other echoviruses (8.5~ and 12-5~, respectively), but the occurrence of central nervous system involvement is more rare (l 1-5~) than the average for this virus group (55.5 ~o) (Grist et aL, 1978) . Our observations suggest that EV22 is a picornavirus but should be classified separately, as has been proposed for HAV. In the hybridization analysis, EV17 had reactivity with eDNA probes representing both the major subgroup and EV22, and it may share some sequences with the latter. Although the original passage of EV23 did not react with any of the probes used, later passages reacted with the EV22 probes as did two of the four clinical isolates. This indicates that EV23 may be a close relative of EV22 that shows high intratypic variation. The findings concerning these three echovirus serotypes (17, 22 and 23) still need sequence analysis to be further clarified.
